Acer grandidentatum, relative water content, woody ornamental plants, relative growth rate, net assimilation rate ABSTRACT. Ecological traits such as an extensive range of natural distribution and tolerance to varying soil conditions, suggest that bigtooth maples (Acer grandidentatum Nutt.) could be popular landscape trees. But information on the tolerance of bigtooth maples to environmental stresses, such as drought, is virtually nonexistent. We studied physiological, growth and developmental traits of bigtooth maple plants from 15 trees native to Arizona, New Mexico, Texas, and Utah. Plants were grown in pots in a greenhouse and maintained as well-irrigated controls or exposed to drought and irrigated in cycles based on evapotranspiration. The ratio of variable to maximal fl uorescence (F v /F m ) was not different between drought-stressed and control plants, but the low F v /F m in plants designated as LM2 from the Lost Maples State Natural Area in Vanderpool, Tex., suggests these plants were relatively ineffi cient in capturing energy at PSII. Plants from another tree (LM5) originating from Lost Maples State Natural Area maintained similar predawn water potentials between drought-stressed and control plants after fi ve cycles of drought. Plants from Dripping Springs State Park in Las Cruces, N.M., and those from LM2 had a strong, signifi cant linear relationship between transpiration and stomatal conductance. Drought-stressed plants from Dripping Springs State Park, two plant sources from the Guadalupe Mountains in Salt Flat, Tex., designated as GM3 and GM4, and plants from trees designated as LM1 and LM2, had high relative growth rates and net assimilation rates. Drought-stressed plants from three of the four Guadalupe Mountain sources (GM1, GM3, GM4) had among the longest and thickest stems. Drought reduced shoot and root dry weight (DW). Although bigtooth maples showed several provenance differences in drought adaptation mechanisms, the lack of an irrigation effect on biomass allocation parameters such as root to shoot DW ratio and leaf area ratio implies that altered biomass allocation patterns may not be a common drought adaptation mechanism in bigtooth maples.
Evidence suggests that ecotypes of maples (Acer L.) can be matched to specifi c landscape conditions St. Hilaire and Graves, 1999) . Also, maples indigenous to the United States can be grouped into regions based on their tolerance to drought (Kriebel, 1957) . For example, drought-resistant trees are from central and southern regions of the United States, and the more drought-susceptible trees are from the northern part of the hardwood region. Although the geographical separation between the two regions is unclear, maple species in hot, dry climates have the highest drought tolerance (Kriebel, 1957) . Similarly, St. Hilaire and Graves (2001) concluded that maple taxa from more xeric provenances of eastern North America are more likely to perform better in arid environments than plants from mesic environments. Thus, selection of maples from xeric regions is a strategy that could be used to choose plants for arid environments.
Bigtooth maple is indigenous only to North America and can be found on xeric and mesic sites . Currently, bigtooth maple is not a ubiquitous landscape tree, but several ecological attributes suggest that the plant may be amenable to widespread landscape use . The species has a contiguous geographic range that spans almost 18º of latitude (30.086°N to 47.656°N) and includes regions in Utah, Idaho, Wyoming, Arizona, New Mexico, Texas, and Oklahoma. Bigtooth maple also occurs as a disjunct population in the Wichita Mountains of Oklahoma (Little, 1944) . This wide geographic range includes many variations in elevation (Barker, 1977) , and edaphic conditions. The plant is hardy to -40 °C (Barker, 1974) and tolerates summer temperatures well above 38 °C.
Many species with large geographic ranges exhibit adaptations to local environments, including variation in morphology (St. Hilaire and Graves, 1999) , gas exchange and plant-water relations (Abrams et al., 1990) . Bigtooth maple is no exception. The plant shows variation in form (Barker, 1975 (Barker, , 1977 Olson and Gabriel, 1974) and fall foliage coloration (Tankersley, 1981) . Leaf water potentials of bigtooth maple growing in Red Butte Canyon, Utah, increased with altitude (Dina et al., 1973) and in that same canyon, bigtooth maples from a mesic environment had higher water potentials than species growing in a xeric environment.
Although the selection of plants for managed landscapes could be facilitated if the physiological attributes of bigtooth maples from different provenances were known, this information is virtually nonexistent. The objective of this experiment was to select bigtooth maples from a wide geographic region in the United States and determine whether physiological, growth, and developmental attributes in response to water defi cits are likely to contribute to the selection of plants suited to arid environments.
Materials and Methods

PLANT MATERIAL.
Mature samaras of bigtooth maple were collected between 18 Aug. and 3 Nov. 2001, from 15 seed sources (trees) within the southwestern U.S. range of the species. Seed sources were coded to identify the single tree origin of the seeds (Table 1) . During germination and seedling emergence, trays were misted with tap water as needed to keep the growing substrate moist. Between 3 Mar. and 15 May 2002, all seedlings that had the fi rst pair of true leaves visible were transplanted individually in 3-L plastic pots (53 cm top i.d., 43 cm bottom o.d., 16.5 cm high) fi lled with the same growing substrate used for germination. Screens were placed at the bottom of the pots to retain the growing substrate. Air-fi lled porosity of the growing substrate was 28% and water holding capacity was 37% as determined by procedures of Handreck and Black (2002) . Moisture release curves showed that moisture was released from the medium at suction pressure of up to 0.70 MPa. The medium was at fi eld capacity at 0.1 MPa. Transplanted seedlings received weekly irrigation with a fertilizer solution (pH 7.3, electrical conductivity 1.2 dS·m -1 ) containing N at 150 mg·L -1 from a mixture of 1 Peter's Excel (15N-2.2P-12.5K) : 1 Peter's Professional (20N-4.4P-16.6K) fertilizer (Scotts, Marysville, Ohio) (by weight).
ENVIRONMENTAL CONDITIONS AND EXPERIMENTAL DESIGN. Samara germination, seedling growth, and the experiment were conducted in a greenhouse at New Mexico State Univ.'s Fabian Garcia Science Center in Las Cruces (lat. 34°48´18´´N, long. 106°43´42´´W). Minimum photoperiod within the greenhouse was 16 h. During samara germination and seedling growth, day/ night air temperatures averaged 26 °C/13 °C. During the experimental period, mean midday photosynthetic photon fl ux density as measured with a quantum sensor (LI-185; LI-COR, Lincoln, Nebr.) was 763 μmol·s -1 ·m -2 . Daily temperature averaged 22 °C. Relative humidity (RH) of the air averaged 64%. Air temperature and RH were measured with a combination temperature and humidity sensor (CS 500; Campbell Scientifi c, Logan, Utah). Sensors were monitored every 10 min and environmental data were averaged every hour. Sensors were connected to a datalogger (CR 10X; Campbell Scientifi c). Vapor pressure defi cits existing at the time of physiological measurements are summarized in Table 1 . On 21 May 2002, the 18 most uniform plants from each of 15 locations were assigned randomly to one of two irrigation treatments (drought and control). The experimental design was Table 1 . Seed source, growth characteristics, and biomass allocation patterns of 15 half-siblings of bigtooth maples harvested on the day irrigation treatments started. Dry weight (DW) data were used to calculate relative growth rates and net assimilation rates. Included are the number of drought cycles completed and the mean duration of each drought cycle that plants completed at the end of 113 d of drought treatment. Mean vapor pressure defi cit (VPD) existing at the time of physiological measurement also is given. with a leaf area meter (LI-3000A; LI-COR). Then, plant height was recorded as the length of stem from the growing substrate to uppermost bud. Xylem diameter (young and mature) was measured at 1 cm above the stem base after the bark was peeled back. Roots were washed free of growing substrate using water 1 d after stems were severed. Weights of leaves, stems and washed roots were determined after drying for 5 d at 65 °C. Seven blocks were retained to determine plant responses during and after exposure to drought.
DROUGHT TREATMENT. At drought treatment initiation, all plants were irrigated by hand to saturation with the fertilizer solution. For each source, three of the seven plants assigned to drought were chosen randomly to indicate the end of the drought cycle. Indicator plants were allowed to drain for 2 h and then weighed. Plants were weighed between 0900 and 1000 HR. Subsequently, irrigation was withheld from plants in the drought treatment. Drought treated plants received no further irrigation until a drought cycle ended. A drought cycle for each seed source ended when the combined weight of the indicator pots decreased by 56% to 57% due to evapotranspiration (ET) . When the irrigation cycle ended, all drought-stressed plants within a source were irrigated by hand to saturation with the fertilizer solution. To facilitate saturation of pots in the drought treatment, pots were given three 2-min irrigations. Preliminary experiments with three plant sources showed that 56% moisture loss due to ET was severe enough to cause plant wilting but not mortality. At the end of each drought cycle volumetric moisture content of the upper 6 cm of the growing substrate was determined with a theta probe (type HH1; Delta-T Devices, Cambridge, U.K.) set on the organic option. Volumetric water content averaged 0.068 ± 0.056 m 3 ·m -3 in droughted plants and 0.36 ± 0.16 m 3 ·m -3 in control plants. Control plants were irrigated every 2 d for 15 min using an automatic drip irrigation system. Plants received 1 L of water and the leaching fraction from the irrigated pots averaged 15%. CHLOROPHYLL FLUORESCENCE. At the end of each drought cycle, irrigation was withheld from plants until the next day. Between 1130 HR and 1400 HR on the same day that the drought cycle ended, F v /F m was measured from the youngest fully expanded leaf from all (seven) plants in each source. Leaves were dark-adapted for 30 min. Measurements were recorded using a continuous source fl uorometer (OS-30; Opti-Sciences, Tyngsboro, Mass.). Fluorometer excitation source intensity was set at 3000 μmol·m -2 ·s -1 .
PLANT WATER RELATIONS. At predawn (0300 to 0400 HR) on the day after a drought cycle ended, leaf water potential (Ψ pd ) was determined on the seven leaves previously chosen for fl uorescence measurements by using a pressure chamber (PMS Instruments, Corvallis, Ore.). At midday (1130 to 1300 HR) of the same day, leaf water potential, transpiration and stomatal conductance (g s ) were measured. Transpiration and g s were measured with a steady-state porometer (LI-1600; LI-COR) on the leaf opposite to the one selected for determining Ψ pd .
RELATIVE LEAF WATER CONTENT. The experiment was terminated on 14 Sept. 2002, 113 d after the start of the irrigation treatments. A fully expanded leaf was excised from a tree in each of fi ve blocks, sealed in ziplock plastic bags, placed on ice and transported to our laboratory (1.2 km). Leaf disks (0.785 cm 2 ) were excised with a cork borer from the interveinal region adjacent to the midvein but 2 cm from the petiole attachment from each leaf. Fresh weights (FW) were recorded. Then, disks were rehydrated with water for 10 h, blotted on lintless paper to remove excess moisture and weighed to get the saturated weight (SW). Dry weights (DW) were recorded after drying at 85 °C for 8 h. Relative leaf water content was calculated as RWC = (FW -DW)/(SW -DW) × 100%.
SPECIFIC LEAF WEIGHT. A 0.785-cm 2 leaf disk was taken from the interveinal region opposite (opposite side of the midvein) the area where the leaf disk for RWC was taken. The disk was dried at 65 °C for 5 d. Specifi c leaf weight (SLW) was calculated by dividing the DW of the disk by its area.
SPECIFIC STEM LENGTH. Specifi c stem length was calculated by dividing stem length by stem dry weight. Stem length was measured 2.5 cm above the growing substrate and stem dry weight included all material, exclusive of leaves, severed above that point.
MICROSCOPY. Leaf disks (0.09 cm 2 ) were selected for microscopy from the area adjacent to the location where disks for SLW were taken. Samples were fi xed in 0.2 M gluteraldehyde for 24 h, then post fi xed in 0.1 M osmium tetroxide for 2 h. Samples were dehydrated through a graded ethanol series and incubated in acetone. Samples were embedded in Spurr's resin (Spurr, 1969) and prepared for imaging on a scanning electron microscope [SEM (S-3200N; Hitachi Instruments, San Jose, Calif.). The SEM was operated in the N-SEM mode and images were captured by a backscatter electron detector. Leaf thickness data were collected from SEM images. Two measurements of total leaf thickness, each 100 μm apart, were taken and averaged.
FINAL HARVEST. All plants were harvested destructively on 14 Sept. 2002. Plant height, xylem diameter 2.5 cm above growing substrate level, total leaf surface area, and leaf, stem and root DW were determined using procedures described for the initial harvest.
DATA ANALYSIS. Data were analyzed using SAS (version 9 for Windows; SAS Institute, Cary, N.C.). Initial destructive harvest data were subjected to analysis of variance procedures using Proc Mixed procedures and differences in least squares means were assessed at P ≤ 0.05 using the PDIFF option. Relative growth rate (RGR) was used to determine the impact of irrigation treatment on plant growth. RGR was calculated using the equation of Gutschick and Kay (1995) : RGR = (ln W 2 -ln W 1 )/(T 2 -T 1 ), where W 2 was the fi nal dry weight at day 113 (T 2 ), and W 1 was the initial DW determined from four seedlings per seed source before (day 0) irrigation treatment (T 1 ) began. Net assimilation rate (NAR) was used to calculate the effi ciency of plants in accumulating dry matter (Balok and St. Hilaire, 2002) . NAR was calculated as:
, where M 2 was the fi nal dry weight at day 113 (T 2 ), M 1 was the initial DW determined from four seedlings per seed source before (day 0) irrigation treatment (T 1 ) began, and L 2 and L 1 were leaf area at T 2 and T 1 . Data analysis for Ψ pd , Ψ md , F v /F m , g s , transpiration, NAR, RGR, and fi nal harvest data were executed using Proc Mixed procedures. Differences in least squares means were assessed at P ≤ 0.05 using the PDIFF option. Analyses included repeated measures (drought cycles) utilizing compound symmetric (CS) covariance structure for the observations taken from the same tree. Kenward-Roger adjusted df were used. Fixed effects included treatment, source and drought cycles. Blocks represented random factors, and trees served as the experimental unit. A fi xed effects nested model was used and drought cycle was not treated as a main effect factor under this model. Instead, drought cycle was nested within source because the nested model accommodated the different numbers of drought cycles that occurred within different seed sources. Correlations between stomatal conductance and transpiration were assessed using SAS software's PROC CORR.
Results
Initial seedling developmental traits showed that average plant height ranged from 7 cm in seedlings from AZ (Chiricahua Mountains), to 34 cm for seedlings from a tree (GM2) in the Guadalupe Mountains (Table 1) . Seedlings from the tree designated as GM2 from the Guadalupe Mountains and those from DS (Dripping Springs State Park) had the greatest total leaf area ( Table 1) . Although plants from DS had the largest shoot (2.06 g) ( Table 1 ) and root DW (0.75 g), seedlings from a tree designated as GM3 from the Guadalupe Mountains had the largest root to shoot DW ratio (2.33). Plants from a tree designated as GM2 and plants from Dripping Springs State Park had the largest leaf area to xylem diameter ratio. After plants were exposed to irrigation treatments, differences in evapotranspiration caused the duration of a drought cycle and the number of drought cycles to vary among seed sources (Table 1 ). Moisture depletion rates from pots were different for each source. The experiment was terminated on the same date for all sources which caused the number of drought cycles completed to vary among sources.
Variable to maximal fl uorescence ratio was different among sources (P < 0.0001) (Fig. 1) , and drought cycles (P < 0.0001) (data not shown), but not between treatments (P = 0.512). The interaction between source and treatment (P = 0.7388) and between treatment and drought cycle (P = 1.000) were not signifi cant. Plants designated as LM2 had the lowest F v /F m (0.68) (Fig. 1) .
Overall, predawn Ψ pd was different among sources (P = 0.0013), drought cycles (P < 0.0001), and treatments (P < 0.0001). All the interactive effects were signifi cant. At the end of their fi nal drought cycle, tree sources that showed no differences between drought-stressed and well-watered plants included the Utah sources (UN1, UN2, UW1, and UW2) from Logan Canyon ( Fig.  2A-D) , plants from Dripping Springs State Park (DS) (Fig. 2E) , two tree sources from Lost Maples State Natural Area (LM2 and LM4) (Fig. 2 F and G) and one plant source from the Guadalupe Mountains (GM1) (Fig. 2H) . Drought-stressed plants from GM2 (Fig. 3A) had the lowest average Ψ pd (-2.5 ± 0.17 MPa). At their fi nal drought cycle, drought-stressed plants from Arizona (AZ) (not shown) and those from GM3, GM4, LM1, and LM3 (Figs. 3B-E, respectively), had more negative Ψ pd than controls. Plants from LM5 in Lost Maples State Natural Area had similar Ψ pd between treatments and among drought cycles (Fig. 3F) .
Midday leaf water potential (Ψ md ) was different among sources (P < 0.0001), drought cycles (P < 0.0001), and treatments (P < 0.0001). Differences between irrigation treatments varied significantly with the source of the plant material (P < 0.0001), but not with the drought cycle (P = 0.2516). At their fi nal drought cycle, tree sources that had similar Ψ md between treatments included three sources from Utah (Figs. 4A-C), plants from Arizona (not shown), plants from GM1 in the Guadalupe Mountains and plants from LM5 in Lost Maples State Natural Area (Fig. 5 E and F) . Among all drought-stressed plants, those from GM2 ( Fig. 5B ) had the lowest Ψ md (-3.7 ± 0.17 MPa) (P = 0.0003). At their fi nal drought cycle, plants from UW2, DS, LM1, LM2, LM3, LM4, GM2, GM3, and GM4 (Figs. 4D-H and 5A-D, respectively), had differences in Ψ md between treatments.
As expected, drought-stressed plants had less g s than the controls (P = 0.0019). Among drought-stressed plants, those from LM3 had among the highest g s , while those from GM3 were among the lowest (Table 2) . While the source × treatment interaction for g s was not signifi cant (P = 0.0865), there was variation in treatment differences according to the drought cycle (P = 0.0009).
Transpiration rates differed among sources (P < 0.0001), treatments (P < 0.0001), and drought cycles (P < 0.0001). None of the interactive effects for transpiration were signifi cant. Both drought-stressed and control plants from GM3 had among the lowest transpiration rates (Table 2) . 
Utah
Although transpiration was signifi cantly and positively correlated with g s for drought-stressed and well-watered plants for several plant sources, the correlation between transpiration and g s was very strong, positive and linear for plants from DS and LM2 (Table 2) .
Irrigation treatment (P < 0.0001) and the origin of plants (P < 0.0001) affected RGR (Fig. 6) . RGR ranged from 0.021 g·g -1 ·d -1 in drought-stressed plants from Arizona to 0.0416 g·g -1 ·d -1 in wellirrigated plants from the tree GM3 in the Guadalupe Mountains (Fig. 6) . Control plants from GM3 had nearly 1.7 times the RGR as control plants from AZ (Fig. 6 ). Overall, NAR was different between irrigation treatments (P < 0.0002) (Fig. 7) , but not statistically different among seed sources (P = 0.1232). The NAR in drought-stressed plants averaged 0.178 mg·g -1 ·d -1 , while that of control plants averaged 0.285 mg·g -1 ·d -1 . Interactive effects of sources and treatment were not signifi cant for RGR (P = 0.4958) and NAR (P = 0.4365).
After 113 d of cyclic drought, well-watered plants from GM3 were relatively tall (117 cm) while drought-stressed plants from the same source averaged 57 cm (Table 3) . Drought-stressed plants had less total leaf area compared with controls. Well-watered plants originating from GM3 had among the highest leaf area (1524 cm 2 ) ( Table 3) . Drought-stressed plants had less shoot DW (5.0 g) than well-watered plants (11.8 g). Drought-stressed plants had greater leaf area ratio than well-watered plants (Table 3) .
Averaged over all provenances, well-watered plants accumulated 53% more root DW than plants exposed to drought (10.30 g vs. 4.82 g) (Table 4 ). Root to shoot DW ratio was different among seed origin but similar between treatments (Table 4 ). All plants from Arizona had nearly three times the amount of dry matter partitioned into roots compared to shoots. Specifi c stem length (SSL) was greater in plants exposed to drought when there were treatment differences in SSL. Regardless of irrigation treatment, plants from GM1, GM3, and GM4 had among the lowest SSL (Table 4) .
Leaf area to xylem diameter ratio had no differences among seed sources (P = 0.3709) or between treatments (P = 0.2165). Neither irrigation treatment (P = 0.4237) nor seed origin (P = 0.2778) affected relative water content, which averaged 59%. Specifi c leaf weight varied neither with irrigation treatment (P = 0.3397) nor seed origin (P = 0.2353) and averaged 7.8 mg·cm -2 . Leaf thickness did not vary with seed origin (P = 0.7842) or irrigation treatment. Leaf thickness averaged 156 μm.
Discussion
Plant adaptations to drought stress are complex, refl ecting various morphological, physiological, and molecular mechanisms required for plants to adapt to moisture defi cits. Strategies that can be used to select plants for xeric environments include identifying plant from provenances that show superior adaptation to Table 2 . Correlation coeffi cient (r 2 ) between transpiration and stomatal conductance (g s ) for drought-stressed and control plant of bigtooth maples exposed to 113 d of cyclic drought treatments. The probability value (P) for the r 2 also is given. drought stress (St. Hilaire and Graves, 2001 ) and rapid assessment of whole-plant performance to drought using chlorophyll fl uorescence (Percival and Sheriffs, 2002) . The ratio of variable to maximal fl uorescence measures the effi ciency of energy capture of the chloroplasts (Feser et al., 2005) . Differences in F v /F m among the sources suggest that F v /F m could be used to assess the relative effi ciency of energy capture. Plants from LM2 had the lowest F v /F m (0.68). Because healthy tissues maintain F v /F m near 0.8 (Mir et al., 1998) , the low F v /F m in LM2 plants suggests that plants from this source were relatively ineffi cient in capturing energy. Low F v /F m values were not universal to the Lost Maples State Park provenance because plants from LM1 had F v /F m values near that of nonstressed plants. We have little evidence to show that irrigation affected chlorophyll fl uorescence in our bigtooth maple population. Chlorophyll fl uorescence typically is affected only after severe drought stress (Baz and Fernandez, 2002) , so the lack of an irrigation effect despite exposure to severe drought, provides some evidence that bigtooth maples may be resilient to drought. Assuming that water potential between the leaf and soil equilibrated overnight, Ψ pd could represent an index of the severity of drought stress exposure. That drought-stressed plants from GM2 averaged -2.5 MPa, illustrate the severity of the drought treatment to bigtooth maple plants compared to other maple taxa. For example, Zwack et al. (1998) reported that Ψ pd of -1.36 MPa in the drought treatment refl ected the severity of water defi cit stress on three freeman maple (Acer ×freemanii E. Murray) cultivars. The capacity to rehydrate tissues overnight might be a drought adaptation mechanism for plants from Lost Maples State Natural Area. For example, Ψ pd of drought-stressed and well-watered plants from the tree designated as LM5 were not different. This trait might be advantageous for plants grown in xeric environments. The Ψ md of drought-stressed plants from GM2 averaged -3.65 MPa. Thus, these data provide further evidence of the (fi ve trees); UN1 and UN2 = Logan Canyon, Utah (two trees on a north-facing slope); UW1 and UW2 = Logan Canyon, Utah (two trees on a west-facing slope). Each bar represents a mean ± SE (n = 7). Control treatment bars sharing the same uppercase letters and drought treatment bars sharing the same lowercase letter are not signifi cantly at P ≤ 0.05 using the Proc Mixed, PDIFF option. GM1  GM2  GM3  GM4  LM1  LM2  LM3  LM4  LM5  UN1  UN2  UW1 (fi ve trees); UN1 and UN2 = Logan Canyon, Utah (two trees on a north-facing slope); UW1 and UW2 = Logan Canyon, Utah (two trees on a west-facing slope). Each bar represents a mean ± SE (n = 7). Control treatment bars sharing the same uppercase letters and drought treatment bars sharing the same lowercase letter are not signifi cantly at P ≤ 0.05 using the Proc Mixed, PDIFF option. For specifi c stem length, LSMeans within a treatment sharing the same uppercase letter do not differ statistically. LSMeans differences were assessed at P ≤ 0.05 using the Proc Mixed, PDIFF option of SAS.
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capacity of bigtooth maples to withstand low moisture in the growing substrate. The rate of water loss is roughly proportional to g s (Jones, 1998) , so a positive and linear relationship between transpiration and g s is expected. This relationship was true for 80% of the bigtooth maple plant sources that were tested and was exceptionally robust for plants from DS and LM2. The fact that we found no difference in variation (r 2 ) for the regression equation (P = 0.1081) (based on a test for differences between slopes) when both drought-stressed and well-irrigated plants within a source showed a linear relationship between transpiration and g s is surprising. We hypothesized that the smaller stomatal aperture expected from drought-stressed bigtooth maple plants is likely to have a greater regulatory effect on transpiration. Thus, stressed plants should show less variation in that linear relationship. These results might be important for drought survival of these taxa because they imply that changes in transpiration are closely linked to g s regardless of irrigation treatment. Because several plant sources show stomatal regulation of water loss, we suggest that the adjustment of leaf water status maybe a common drought adaptation mechanism in bigtooth maples. Provenance of origin and irrigation treatment infl uenced RGR. But the effi ciency with which bigtooth maple plants accumulate dry matter (NAR) is insensitive to provenance of origin. This suggests that NAR of bigtooth maples is stable in populations indigenous to a wide geographic region and is not a meaningful indicator of a provenance's fi tness for arid environments. While their lower values for NAR suggest that drought-stressed plants were less effi cient in accumulating dry matter than well-watered plants, NAR for drought-stressed plants were remarkably similar. The similarity of NAR among drought-stressed plants underscores the fi nding that NAR may not be a good trait to use for the selection of bigtooth maples for arid locations.
Relative growth rate is a proxy for the extent to which a plant invests its photosynthates in current growth and enhances its capacity for future photosynthesis (Fritter and Hay, 2002) . We observed large variation in RGR among bigtooth maple plant sources. Resources available at a site impacts RGR. So, the observations of Barker (1975) and Sorenson et al. (1984) that suggest bigtooth maple is a slow-growing tree, must be tempered with information about the plant's provenance of origin and the environmental conditions of growth. Rapid growth could be advantageous for a landscape tree if environmental conditions such as water defi cits do not severely limit growth (Balok and St. Hilaire, 2002) . Furthermore, rapid and effi cient growth in a drought-stressed environment is clearly a strategy that will enhance survival of bigtooth maples. Although NAR does not necessarily correlate with RGR (Poorter and Remkes, 1990) , drought-stressed plants from DS, GM3, GM4, and LM1, LM2, LM5, UW1, and UW2 had relatively high NAR and RGR, suggesting that drought had limited impact on these plants.
Developmental traits associated with drought responses are important to quantifying plant drought adaptation mechanisms (Blum, 1996) . Plants respond to drought by reducing total leaf area (Alves and Setter, 2004; Hennessey et al., 1985) . This plasticity in leaf area is one strategy that plants may use to control water use. This might be true for plants from the Guadalupe Mountains. For example, GM3 plants exposed to drought, despite being among the three tallest plants sources, showed a 69% reduction in total leaf area compared to their well-watered controls. Drought-stressed plants from GM2, GM3, and GM4 were the three tallest plant sources.
In a greenhouse study of fi ve woody perennial species considered as tolerant, intermediately sensitive, or sensitive to drought, root DW of all species declined after 10 weeks of drought treatment (Percival and Sheriffs, 2002) . Similarly, all drought-stressed plants from the Guadalupe Mountains and Dripping Springs State Park had lower root DW than well-watered plants. In contrast, four of the fi ve sources from Lost Maples State Natural Area maintained root DW values that were statistically similar for drought-stressed and control plants. While drought did not alter root to shoot DW allocation patterns, the maintenance of a large functional root system in plants from Lost Maples State Natural Area could confer a important drought survival trait to plants from this provenance. In maple taxa, such as black maples (Acer nigrum Michx. F.), investment in a large root system conferred fi tness for survival in xeric environments (St. Hilaire and Graves, 2001) .
Because SSL indicates length of stem allocated to each unit of biomass, this ratio could be used, in part, to determine a stem's mechanical strength. Drought-stressed plants had greater SSL in all seed sources (AZ, DS, GM2, LM3, LM4, LM4, LM5, and UN1) where SSL of drought-stressed and well-watered plants were different. Therefore, drought-stressed seedlings from these seed sources had thinner and weaker stems compared to their well-watered counterparts. Plants that maintained similar SSL between irrigation treatments such as those from GM1, GM3, GM4, LM1, LM2, and UW2 might be more desirable for arid environments.
The signifi cant seed source by irrigation interaction for SSL (Table 3 ) may indicate variation in stem growth and developmental patterns of the plants after exposure to irrigation treatments. This variation might refl ect differences in environmental conditions indigenous to the site of origin of our seed sources. For example, plants from low-light environments tend to have a higher SSL (Poorter, 1999) . This enhances a plant's chances to escape the low-light surroundings through stem elongation (Poorter, 1999) . Development of long stems while preserving stem mechanical strength is an adaptive advantage for plants exposed to a stressful environment. This is clearly evident for plants from GM1, GM3, and GM4, which had among the longest stems, and had the thickest and strongest stems.
The LAR, which indicates the proportion of total plant DW allocated to leaves (Poorter and Remkes, 1990 ) was stable among irrigation treatments. Drought did not affect root to shoot DW ratio. Furthermore, the leaf area/xylem diameter ratio, which indicates the ratio between tissues that transport water and those that photosynthesize (Balok and St. Hilaire, 2002) , was not different between irrigation treatments. These results indicate that an altered biomass allocation pattern is not a widespread adaptation mechanism for bigtooth maples exposed to drought.
Physiological traits such as the regulation of water loss, maintenance of plant water status, and the effi ciency of transport and photosynthetic systems may be particularly signifi cant for these taxa. The evidence we have gathered suggests that this might be true. The RWC of bigtooth maples averaged 59%, and did not vary with irrigation treatment or seed origin, suggesting that foliar tissues of bigtooth maples may endure low RWC yet maintain adequate photosynthesis. Photosynthetic activity is reduced when RWC ranges from 40% to 70% (Chaves, 1991) . Neither SLW nor leaf thickness of bigtooth maples varied with irrigation treatment nor seed origin, suggesting there were no differences in leaf density. Assuming that SLW responds to drought because leaf density (mass per unit volume) and/or leaf thickness changes (St. Hilaire and Graves, 2001) , and that a thicker leaf enhances photosynthetic capacity per unit area because photosynthetic proteins accumulate (Niinemets, 2001) , we conclude that drought-stressed bigtooth maples appear to maintain foliar photosynthetic capacity per unit area.
Overall, drought adaptation mechanisms of bigtooth maples vary across geographical regions. However, drought adaptation mechanisms such as the favorably water status of drought-stressed plants from plant sources in Lost Maples State Natural Area, and the relatively high growth and effi cient dry matter accumulation in drought-stressed plants from the Guadalupe Mountains suggest that selected plant sources from these provenances have the potential to fl ourish in arid environments.
